The chaperones RAC (ribosome-associated complex), consisting of Ssz1p and zuotin, and Ssb1͞2p are associated with ribosomes of yeast. Ssb1͞2p was previously shown to form a crosslink product to polypeptides trapped in ribosome-nascent chain complexes (RNCs) in vitro. Here we show that an efficient crosslink of the nascent chain to Ssb1͞2p depends on the presence of functional RAC. The crosslink to Ssb1͞2p was significantly diminished if (i) RAC was removed from RNCs: a process reversed by addition of purified RAC; (ii) RAC carried a mutation in the J-domain of zuotin, leading to its inactivation in vivo; (iii) RAC's Ssz1p subunit was absent because RNCs were generated in a ⌬ssz1-derived translation extract. In vivo the same specific set of growth defects caused by the absence of any of the three chaperones was also displayed by a ⌬ssb1͞2⌬ssz1⌬zuo1 strain. The combination of in vitro and in vivo data supports a model in which Ssb1͞2p, Ssz1p, and zuotin act in concert on nascent chains while they are being synthesized.
R
ibosomes are molecular machines that synthesize polypeptides. They consist mainly of RNA and even the active site of the peptidyl-transferase center is almost devoid of protein. Coreribosomal proteins seem predominantly involved in stabilizing the rRNA structure (1, 2) . The term molecular chaperone describes various ubiquitous protein families, which share the ability to interact with nonnative polypeptide substrates (3) . The number of proteins, which have chaperone-like properties and are dynamically and specifically associated with ribosomes, is increasing. Nascent polypeptide-associated complex (NAC) was identified in higher eukaryotes as a ribosome-associated protein in close proximity to nascent chains (4) . Like a typical chaperone, NAC interacts with nascent chains independent of their amino acid sequence (4, 5) . The yeast homolog stimulates the in vitro translocation of a ribosome-bound mitochondrial precursor protein into mitochondria, providing additional evidence for the chaperone-like properties of NAC (6) .
The Hsp70s and Hsp40s are two functionally interacting chaperone families (7) . Common to the mechanism of Hsp70 is the interaction of its C-terminal peptide-binding domain with unfolded polypeptide substrates. The cycle of substrate binding and release is modulated by the activity of the N-terminal ATPase domain, which is stimulated by Hsp40 partner chaperones. Functional interaction between the ATPase domain of Hsp70 and the J-domain of Hsp40 is transient (8) (9) (10) (11) . In yeast, members of the Hsp70 and Hsp40 families are associated with cytosolic ribosomes. The essential Hsp40 homolog Sis1p binds to the small ribosomal subunit and is thought to be involved in translation initiation (12) . There is evidence that the partner of Sis1p may be one or both of the cytosolic Hsp70 subfamilies Ssa1͞2p or Ssb1͞2p (13) (14) (15) . Ssb1͞2p itself is distributed between a ribosome-associated and a soluble pool (16, 17) . Part of ribosome-associated Ssb1͞2p can easily be removed by a salt wash. However, a subpopulation behaves like a core-ribosomal protein and cannot be removed without destruction of the ribosome (17) . The Hsp40 homolog zuotin binds directly to ribosomes in a salt-sensitive manner (18) . Yeast strains lacking either zuotin or Ssb1͞2p were initially shown to display the same phenotype, suggesting that these two chaperones form a functional Hsp70͞Hsp40 couple (18) . Later it was found that the Hsp40 homolog zuotin forms a stable dimeric complex with the Hsp70 homolog Ssz1p that is almost entirely bound to ribosomes in vivo. This complex, termed ribosome-associated complex (RAC), was identified by its ability to stimulate translocation of a ribosome-bound mitochondrial precursor into mitochondria in vitro. RAC is so far the only example of a stable Hsp70-Hsp40 complex in the eukaryotic cell (19) . The finding that yeast strains lacking Ssz1p displayed the same phenotype as strains lacking either Ssb1͞2p or zuotin and the finding that zuotin and Ssz1p physically interact raises the question of whether zuotin serves as the partner chaperone for Ssz1p, Ssb1͞2p, or both (19, 20) .
Here we present evidence that the J-domain of zuotin functionally interacts with Ssb1͞2p but that this interaction requires Ssz1p. We conclude that Ssz1p, together with Ssb1͞2p and zuotin, form a chaperone triad acting on nascent chains emerging from the ribosome. Whether zuotin or another Hsp40 homolog is also the functional J-partner for Ssz1p remains to be established.
Materials and Methods
Yeast Strains and Plasmids. Standard yeast genetic techniques were used (22) . The inability to grow at room temperature (22°C) and below is defined as cold sensitivity. MH272-3f a͞␣ (ura3͞ura3, leu2͞leu2, his3͞his3, trp1͞trp1, ade2͞ade2) is the parental wild-type strain of all derivatives used in this study (19, 23 (25) . Resulting plasmids are 2-SSZ1, 2-SSB1, and 2-ZUO1. The J-domain mutant of zuotin was generated by a single base pair exchange leading to the substitution of His-128 to glutamine (zuotin-H128Q). For expression in IDA1 (⌬zuo1), zuotin-H128Q was cloned into pYEPlac195 (2 URA3) or pYCPlac33 (CEN URA3), respectively (25) . RAC containing zuotin-H128Q is termed RAC-H128Q.
Purification of Wild-Type RAC, RAC-H128Q, Partial Purification of Ssb1͞2p, and Generation of Abs. RAC and RAC-H128Q were purified as described (19) with the following modification. After elution from MonoQ HR5͞5 column (Amersham Pharmacia)
Abbreviations: NAC, nascent polypeptide-associated complex; RAC, ribosome-associated complex; RNC, ribosome-nascent chain complex; BS 3 , (bis-(sulfosuccinimidyl),-suberate).
*To whom reprint requests should be addressed: E-mail: rospert@enzyme-halle.mpg.de.
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact.
fractions were pooled, diluted with 6 vol of 100 mM Mes-KOH pH 6.5, and loaded onto a MonoS HR5͞5 column (Amersham Pharmacia). Bound RAC͞RAC-H128Q was eluted with a 150-600 mM 25-ml linear KAcetate gradient in 40 mM Mes-KOH, pH 6.5. RAC͞RAC-H128Q eluted at 250-350 mM KAcetate. Ssb1͞2p was partly purified from the protein mixture released from ribosomes (19) . Released proteins were diluted with 6 vol of 40 mM Hepes-KOH (pH 7.4) to a final concentration of 100 mM KAcetate and loaded onto a ResourceQ anion-exchange column (Amersham Pharmacia). Bound proteins were eluted with a 100-800 mM, 25 ml, linear KAcetate gradient in 40 mM Hepes-KOH, pH 7.4. Ssb1͞2p containing fractions (300-500 mM KAcetate) were detected by using Ab against Ssb1͞2p. Partly purified Ssb1͞2p was free of RAC (data not shown). Ab specifically recognizing Ssb1͞2p was generated against the Ssb1͞2p peptide QIEDPSADELR-KAEVC (Eurogentec, Brussels).
In Vitro Translation, Preparation of Ribosome-Nascent Chain Complexes (RNCs), Translocation Assay, and Crosslinking. Yeast translation extract was prepared as described (26) from JK9 3d (23), YRG16 (19, 27) , IDA2 (19) , or IDA56A (this study). Translation reactions were performed in the presence of 35 S-labeled methionine (Amersham Pharmacia). Generation of ribosome-bound yeast mitochondrial malate dehydrogenase (mdh1-t) was as described (6) . Ribosome-bound nascent chains for crosslinking experiments were produced by the same method using mRNA lacking a stop codon. p-mdh1: (104 N-terminal aa of yeast mitochondrial malate dehydrogenase); prepro ␣: (87 N-terminal aa of yeast prepro ␣ factor); and m-mdh1: (89 aa of yeast mitochondrial malate dehydrogenase lacking the 17-aa Nterminal presequence). Translocation reactions into mitochondria with ribosome-bound mitochondrial malate dehydrogenase as a precursor were performed as described (19) . For crosslinking reactions, RNCs were isolated under high-salt or low-salt conditions, respectively. For this purpose 1 vol of translation reaction was loaded onto 2 vol of either low-salt cushion (20 mM Hepes-KOH, pH 7.4͞25% sucrose͞5 mM MgAcetate͞2 mM DTT͞0.5 mM PMSF͞120 mM KAcetate, pH 7.4) or high-salt cushion (20 mM Hepes-KOH, pH 7.4͞25% sucrose͞5 mM MgAcetate͞2 mM DTT͞0.5 mM PMSF͞700 mM KAcetate, pH 7.4). After centrifugation for 50 min at 200,000 ϫ g at 4°C, ribosomal pellets were resuspended in CL buffer (20 mM Hepes-KOH, pH 7.4͞5 mM MgAcetate͞2 mM DTT͞0.5 mM PMSF͞0.6 M sorbitol 0.05 unit͞l RNase Inhibitor) corresponding to 3 vol of the original translation reaction. Crosslinking reactions (typically 40 l of final vol) were started by the addition of the amino-reactive, homo-bifunctional crosslinker BS 3 [(bis-(sulfosuccinimidyl),-suberate)] to 400 M final concentration (Pierce, spacer length 114 nm) and were incubated for 30 min on ice. The reaction was quenched by the addition of glycyl-glycine to a final concentration of 5 mM. Reactions were analyzed on 10% Tris-Tricine gels (28) followed by autoradiography.
Immunoprecipitation. To identify the crosslink partners of the nascent chains, immunoprecipitations were performed under denaturating conditions. Protein A-Sepharose beads (CL-4B, Amersham Pharmacia) were precoated with IgGs directed against Ssz1p, zuotin, Ssb1͞2p, or with preimmune IgGs as described (29) . Crosslinking reactions were supplemented with 5% trichloroacetic acid; protein pellets were collected by centrifugation, resuspended in IP buffer (4% SDS͞200 mM Tris⅐HCl, pH 7.5͞10 mM EDTA͞100 g͞ml ovalbumine͞1 mM PMSF), and incubated at 95°C for 10 min. Denatured samples were diluted 1:30 into TNTE buffer (10 mM Tris⅐HCl, pH 7.5͞150 mM NaCl͞5 mM EDTA͞25 g͞ml ovalbumine͞1% Triton X-100͞0.5 mM PMSF) containing precoated protein RNCs carrying the N-terminal 104 aa of mitochondrial malate dehydrogenase (p-mdh1), the N-terminal 87 aa of prepro ␣ factor (prepro ␣), or 89 aa of the N terminus of mature malate dehydrogenase (m-mdh1) were produced in the presence of radiolabeled 35 S-methionine and isolated under low-salt conditions. RNCs were resuspended in CL buffer (Materials and Methods) supplemented with 1 mM ATP or 1 mM GTP as indicated. Reactions were incubated either in the absence (Ϫ) or presence (ϩ) of BS 3 as described in Materials and Methods. Nascent chains run at 14 kDa (p-mdh1) or 10 kDa (prepro ␣ and m-mdh1), respectively. (B) The 80-kDa crosslink product of the nascent chain is to Ssb1͞2p. A crosslink reaction was performed by using low-salt-treated RNCs carrying prepro ␣ factor as a nascent chain and subsequently immunoprecipitation reactions were performed as described in Materials and Methods. IP-Pel, material bound to the Ab under denaturating conditions; IP-Sup, unbound material; PI, preimmune serum; ␣-zuo, ␣-ssz, and ␣-ssb, Abs specifically recognizing zuotin, Ssz1p, or Ssb1͞2p. Samples were run on 10% Tris-Tricine gels and subsequently analyzed by autoradiography. F, 80-kDa crosslink product; * , 120-kDa crosslink product. The crosslinked material of Ͼ220 kDa did not enter the separating gel. This product was also partly immunoprecipitated with Abs directed against Ssb1͞2p and most likely represents multiply crosslinked species (compare also Fig. 3B ).
A-Sepharose beads and were incubated at 4°C for 4 h on a shaker. The supernatant (containing unbound material) was separated from the beads by centrifugation, and aliquots of both were analyzed by autoradiography and Western blotting followed by immunodecoration. Western blotting indicated that zuotin and Ssz1p were immunoprecipitated with an efficiency of Ͼ90% and Ssb1͞2p with Ϸ50% (data not shown).
Miscellaneous. Ssb1͞2p represents Ssb1p and Ssb2p, two 99% identical proteins with identical function and similar expression levels (21); high-salt RNCs represent ribosome nascent-chain complexes isolated in the presence of 700 mM KAcetate; low-salt RNCs represent ribosome nascent-chain complexes isolated in the presence of 120 mM KAcetate.
Protein concentrations were determined by the Bradford assay (Bio-Rad) by using BSA as a standard. 125 I-labeled protein A was used to develop the immunoblots (30) . Yeast cytosol was prepared as described (6) . NAC was purified as described (6) . Mitochondria were isolated from JK9-3d␣ grown on lactatebased medium and purified as described (31) .
Results

Nascent Chains on Low-Salt-Washed Ribosomes Form Two Major
Crosslink Products. When a truncated mRNA is translated in a yeast translation system, a RNC is generated and can be isolated by centrifugation (6) . A yeast translation extract was primed with truncated mRNA encoding a mitochondrial precursor protein (p-mdh1), an endoplasmic reticulum-targeted protein (prepro ␣), and a mitochondrial protein lacking the presequence (mmdh1) (also see Materials and Methods). Independent of the amino acid sequence of the nascent chain, two major crosslink products of Ϸ120 kDa and 80 kDa were generated. At the border between stacking and separating gel, additional crosslinked material with a molecular mass of above 220 kDa was visible. Formation of the crosslink products was independent of the presence of ATP or GTP during the crosslinking reaction (Fig.  1A) . A radio-labeled background band of variable intensity was observed at the same position as the 80-kDa crosslink even without addition of crosslinking reagent (Figs. 1 A, 2C, and 3A,  ϪBS   3 ). This material could not be immunoprecipitated with Abs recognizing Ssb1p, Ssz1p, or zuotin (data not shown).
The Nascent Chain Forms an 80-kDa Crosslink with Ssb1͞2p That Is
Induced by RAC. A crosslink between a nascent chain and the ribosome-associated chaperone Ssb1͞2p (66 kDa) has been reported (17) . Potential crosslink products to Ssz1p (62 kDa) or zuotin (49 kDa) should be somewhat smaller in size; however, mobility of crosslink products on SDS gels may vary considerably (e.g., see ref. 32). To determine whether the 80-kDa crosslink was to Ssb1͞2p, Ssz1p, zuotin, or a mixture of different proteins, we performed immunoprecipitation reactions with Abs directed against Ssb1͞2p, Ssz1p, or zuotin. The 80-kDa crosslink product was exclusively immunoprecipitated with ␣-Ssb1͞2p (Fig. 1B) . The result confirms that nascent chains are in close proximity to ribosome-bound Ssb1͞2p. The experimental conditions did not generate a crosslink product between the nascent chain and one of the RAC subunits (Fig. 1B) . A fraction of ribosome-bound Ssb1͞2p was firmly bound and could not be removed from the ribosomes by treatment with high salt (Fig. 2 A and ref. 17) . It is this fraction of Ssb1͞2p that is thought to be in close proximity to the nascent chain (17) . However, after high-salt treatment of RNCs carrying prepro ␣ factor were generated in the presence of [ 35 S]methionine by using a wild-type translation extract, isolated under high-salt conditions, and incubated in the absence (Ϫ) or presence (ϩ) of BS 3 . When indicated 100 nM purified RAC or 100 nM purified RAC-H128Q (H128Q) was added before the crosslinking reaction. F, 80-kDa crosslink product. (D) The RAC-induced 80-kDa crosslink product can be immunoprecipitated with Abs specific for Ssb1͞2p. RNCs carrying prepro ␣ factor as a nascent chain were produced in the presence of [ 35 S]methionine, isolated under high-salt conditions, and subsequently supplemented with either purified RAC (ϩRAC) or with a partial purified preparation of Ssb1͞2p (ϩ Ssb1͞2p). Crosslinking followed by immunoprecipitation under denaturating conditions was performed as described in Materials and Methods. Sup, unbound material; Pel, material bound to the Ab; PI, preimmune serum; ␣-ssb, Ab specifically recognizing Ssb1͞2p; F, 80-kDa crosslink product.
RNCs, the nascent chain did not form any prominent crosslink product (Fig. 2C, ϩBS   3 ). The result suggests that either it was not the salt-resistant fraction of Ssb1͞2p that formed the 80-kDa crosslink to the nascent chain or that Ssb1͞2p was no longer in close proximity to the nascent chain. Addition of Ssb1͞2p to high-salt-treated RNCs did not restore the 80-kDa crosslink to Ssb1͞2p (Fig. 2D, ϩSsb1͞2p and data not shown) . However, addition of highly purified RAC that was free of Ssb1͞2p restored the 80-kDa crosslink (Fig. 2 B and C, ϩRAC) . Like the 80-kDa crosslink formed on low-salt RNCs (Fig. 1B) , the 80-kDa crosslink formed on high-salt RNCs after addition of purified RAC was to Ssb1͞2p (Fig. 2D, ϩRAC) .
To test the effect of the different chaperones on RNCs isolated under low-salt conditions, yeast translation extracts derived from strains lacking Ssb1͞2p (⌬ssb1͞2) or Ssz1p (⌬ssz1) were generated. A ⌬zuo1 strain was not tested because Ssz1p is no longer bound to the ribosome in the absence of zuotin (19) . As expected no 80-kDa crosslink was generated on RNCs from ⌬ssb1͞2 yeast translation extract (Fig. 3 A and B, ⌬ssb1͞2) . ⌬ssz1-RNCs isolated under low-salt conditions contain zuotin and associated proteins including Ssb1͞2p, a fraction of which is resistant to treatment with high-salt (data not shown and ref. 19 ). Crosslinking of the nascent chain bound to ⌬ssz1-RNCs did not generate an 80-kDa crosslink (Fig. 3 A and B) . The result suggests that the Ssz1p subunit of RAC is required for the intimate interaction of Ssb1͞2p with nascent chains.
The J-Domain of Zuotin Is Required for the Function of RAC in Vivo and
in Vitro. The zuotin subunit of RAC contains a typical J-domain (33) . The HPD motif with the highly conserved tripeptide HPD is essential for the functional interaction of Hsp40 homologs with their Hsp70 partner proteins (34) (35) (36) . We have generated a mutation in the J-domain of zuotin changing the signature motif HPD to QPD. The phenotype of the strain expressing zuo1-H128Q from either a low or a high copy number plasmid was identical to a ⌬zuo1 strain (see Fig. 5A and data not shown) . Although zuo1-H128Q was not functional in vivo, it was quantitatively bound to ribosomes under low-salt conditions and released from ribosomes in the presence of high concentrations of salt (data not shown). Zuotin-H128Q formed a stable complex with Ssz1p that could be purified like wild-type RAC, suggesting that it is not the J-domain of zuotin that mediates stable binding of the two RAC subunits (ref. 19 and Fig. 4A ). When purified zuotin-H128Q was added to high-salt-treated RNCs, the mutant protein failed to induce the 80-kDa crosslink, indicating that a functional zuotin subunit of RAC is essential to induce the binding of Ssb1͞2p to nascent chains (Fig. 2C , compare lanes ϩRAC and ϩH128Q).
Ssb1͞2p and RAC Altogether Are Involved in Chaperoning a Mitochondrial Precursor Protein.
We have previously shown that RAC, like NAC, is able to stimulate the in vitro translocation of a ribosomebound mitochondrial precursor protein into isolated mitochondria (6, 19) . Our crosslinking data raised the question whether RAC by itself was responsible for translocation stimulation or whether the presence of Ssb1͞2p was required for the activity of RAC. To address this question, malate dehydrogenase lacking the terminal stop codon (mdh1-t) was generated in a wild-type, a ⌬ssb1͞2, or a ⌬ssz1 translation extract. RNCs were isolated under high-salt conditions, removing stimulating factors, and subsequently translocation into mitochondria was tested. Translocation efficiency of high-salt-treated RNCs from wild type, ⌬ssb1͞2, and ⌬ssz1 was Ϸ10% (Fig. 4B , compare STD 10% to the adjacent lane). As previously shown, translocation of high-salt-treated wild-type RNCs was stimulated by RAC and NAC (Fig. 4B, wild type) . RAC-H128Q did not support translocation of mdh1-t (Fig. 4B, wild  type, H128Q) . When high-salt RNCs were generated by using a ⌬ssb1͞2 translation extract, the ability of RAC to stimulate translocation was strongly reduced. NAC, however, was still effective (Fig. 4B, ⌬ssb1͞2) . This is in agreement with the observation that NAC and RAC act independently in the in vitro translocation system (19) . When high-salt RNCs were generated by using a ⌬ssz1 translation extract, addition of RAC did not effectively restore translocation (Fig. 4B, ⌬ssz1) . This finding suggests that efficient translocation of a mitochondrial precursor in an Ssb1͞2p͞RAC-dependent manner depends on functional RAC during in vitro synthesis. Consistent with this notion RAC also failed to induce the crosslink to Ssb1͞2p when added to high-salt ⌬ssz1-RNCs (M.G. and S.R., unpublished data). The combination of biochemical data from crosslinking and translocation experiments indicates that both subunits of RAC and Ssb1͞2p have to function in concert to chaperone a ribosome-bound polypeptide.
RAC and Ssb1͞2p Display Genetic Interaction. Slow growth, cold sensitivity, hypersensitivity to high osmolarity, and hypersensitivity to aminoglycosides is the specific set of growth defects originally assigned to yeast lacking the Hsp70-Homolog Ssb1͞2p (16) . Later it was found that deletion of either zuotin or Ssz1p gives rise to the same combination of growth defects (18, 19) . Here we show that all possible combinations among ⌬ssb1͞2, ⌬zuo1, and ⌬ssz1 lead to a similar set of phenotypes (Fig. 5B) . This genetic interaction among SSB1͞2, SSZ1, and ZUO1 suggests that all three chaperones are involved in the same process in vivo. We have tested the effects of overexpression of Ssb1p, Ssz1p, were objected to immunoprecipitation under denaturating conditions (Materials and Methods). Shown is the material bound to Protein A-Sepharose beads preincubated with either preimmune serum (PI) or Ab specifically recognizing Ssb1͞2p (␣-ssb). F, 80-kDa crosslink product. The crosslink product of Ͼ220 kDa at the front between stacking and separating gel was also partly immunoprecipitated with ␣-ssb.
and zuotin in the whole set of deletion strains shown in Fig. 5B . Strains bearing deletions in zuo1 or ssb1͞2 could not be suppressed by overexpression of Ssb1p͞Ssz1p or Ssz1p͞zuotin, respectively (data not shown and ref. 18 ). However, the ⌬ssz1 strain was partly rescued by overexpression of either Ssb1p or zuotin (Fig. 5C and compare also ref. 19) . Although suppression of slow growth at 30°C and room temperature was only weak, efficient suppression was observed on paromomycin-containing media. On paromomycin- Ribosome-bound full-length malate dehydrogenase was generated in the presence of [ 35 S]methionine in a wild-type yeast translation (wild type) extract, a yeast translation extract generated from the ⌬ssb1͞2 strain, or the ⌬ssz1 strain. RNCs were stripped from ribosome-bound proteins by treatment with high salt. Mitochondria were supplemented with 100 nM purified wild-type RAC, purified RAC-H128Q (H128Q), or purified NAC as indicated. Translocation reactions were started by the addition of RNCs and mitochondria were isolated after the reaction. Equal amounts of mitochondria, containing mitochondria-bound RNCs, were resuspended, precipitated with trichloroacetic acid, and analyzed on SDS͞PAGE, followed by autoradiography. STD 10%, 10% of the RNCs added per reaction; p, precursor of malate dehydrogenase; and m, mature malate dehydrogenase after removal of the N-terminal presequence. containing media Ssb1p was a more effective suppressor than zuotin. Zuotin, however, was more effectively suppressing the NaCl sensitivity of ⌬ssz1 (Fig. 5C ).
Discussion
The Hsp40 homolog zuotin and the Hsp70 homolog Ssb1͞2p directly bind to the yeast ribosome. Deletion of either zuo1 or ssb1͞2 results in the same set of growth defects, and in addition overexpression of zuotin does not affect an ⌬ssb1͞2 strain or vice versa. This strong genetic interaction suggests that Ssb1͞2p and zuotin is an Hsp70-Hsp40 chaperone pair (18) . The Hsp70 homolog Ssz1p forms a unique and stable complex with zuotin (19) . Deletion analysis revealed that all three ribosome-bound chaperones SSB1͞2, SSZ1, and ZUO1 display genetic interaction (Fig. 5B and  refs. 18 and 19 ). Only ⌬ssz1, however, can be partly rescued by overexpression of either SSB1 or ZUO1 (Fig. 5C ). The ability of SSB1 to suppress ⌬ssz1 requires the presence of ZUO1 like suppression by ZUO1 requires the presence of SSB1 (data not shown). The simplest explanation for the genetic data is that Ssz1p, while not obligatory for the common function of Ssb1͞2p and zuotin, is involved in the same cellular process.
Earlier crosslinking approaches, based on derivatized, photoactivatable lysyl residues, have led to the identification of eukaryotic ribosome-bound proteins that interact with nascent polypeptides (e.g., refs. 4, 17, and 32). We have here used BS 3 , a homo-bifunctional crosslinker reactive toward primary amino groups to study the environment of ribosome-bound nascent chains. Before the crosslinking reaction ribosomes͞RNCs were isolated, a procedure that can be performed under conditions removing loosely ribosome-associated factors. The approach allowed us to study the effect of various purified proteins on nascent chain-crosslinks. Using low-salt RNCs bearing associated proteins, we were able to confirm the crosslink of nascent chains to NAC and Ssb1͞2p (data not shown and Fig. 1B ). In addition, we observed at least one high molecular mass crosslink product to an at yet unidentified ribosome-associated protein.
Removing ribosome-associated proteins by salt stripping abolished all crosslink products. It is important to keep in mind that at the same time Ssb1͞2p was still bound to the ribosome (Fig.  2 A) . It was suggested earlier that this salt-resistant fraction of Ssb1͞2p forms the crosslink to the nascent chain (17) . Our results confirm this notion. However, the presence of saltresistant Ssb1͞2p alone is not sufficient to generate a crosslink to the nascent chain. Formation of the Ssb1͞2p crosslink depends on functional RAC. Two experiments strongly suggest that RAC dependence on the Ssb1͞2p crosslink is not caused by sterical alterations upon salt treatment of the ribosome. First, addition of RAC, but not RAC-H128Q, to high-salt RNCs, reinduces the Ssb1͞2p crosslink (Fig. 2C) . Second, the Ssb1͞2p crosslink is not formed on low-salt RNCs generated in a ⌬ssz1 translation extract (Fig. 3A) . Additional evidence for a functional interaction between RAC and Ssb1͞2p comes from the translocation of a ribosome-bound mitochondrial precursor into mitochondria in vitro. Although this system does not truly simulate mitochondrial translocation in vivo it was successfully used as a tool for the identification of ribosome-associated proteins with chaperone-like properties (6, 19) .
Our in vitro results provide biochemical evidence that the zuotin subunit of RAC and Ssb1͞2p functionally interact. Despite the unique physical interaction between Ssz1p and zuotin, their functional interaction is only poorly understood. The genetic data suggest a much more stringent interaction between SSB1͞2 and ZUO1. However, Ssz1p is required for the formation of the crosslink between Ssb1͞2p and the nascent chain, and also for the efficient translocation of mdh1-t into mitochondria (Figs.  3 and 4B) . As zuotin is bound to the ribosome independently of Ssz1p (19) , Ssz1p itself influences the interaction of the nascent chain with Ssb1͞2p. Possibly the nascent chain initially binds to Ssz1p and is transferred to Ssb1͞2p. Fast transfer of the nascent chain from Ssz1p to the more tightly binding Ssb1͞2p might account for the lack of a direct crosslink to Ssz1p (Fig. 1B and  ref. 37 ). However, sequential binding of the nascent chain to Ssz1p and Ssb1͞2p seems not essential for functionality of the chaperone triad. The unusually short C terminus of Ssz1p is dispensable for normal growth at 30°, room temperature, and on paromomycin-containing media (37) . This result suggests that Ssz1p might function by modulating the ability of zuotin to act as a partner chaperone for Ssb1͞2p. It also would be consistent with the idea that Ssz1p binds to a specific, possibly small, subset of nascent chains. Interestingly Ssz1p, originally named Pdr13p, was identified as a posttranslational regulator of the transcription factor Pdr1p (38) . Whether Pdr1p or other newly synthesized polypeptides directly interact with Ssz1p and whether the function of Ssz1p is influenced by zuotin awaits further investigation.
